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With the areal density growth of magnetic recording media, the thermal
stability of the media such as CoCrPtB media should be enhanced. In the
present thesis, magnetically coupled media, i.e. a CoCrPtB magnetic record-
ing layer with an amorphous CoTb stabilizing layer was proposed to enhance
the thermal stability of CoCrPtB media.
In the first part, CoCrPtB perpendicular media were developed by using
Ti underlayer. The experimental conditions and parameters, such as sputter-
ing pressure, deposition temperature and thickness of Ti underlayer, deposi-
tion temperature and thickness of CoCrPtB magnetic layer, were varied to
investigate their effects on crystallographic structure and magnetic proper-
ties of the CoCrPtB film. It was shown that the coercivity increased with Ti
underlayer thickness. The sputtering pressure and deposition temperature
of Ti underlayer showed no obvious effect on the magnetic properties of the
CoCrPtB films. The coercivity increased with the increasing of CoCrPtB
layer thickness and showed a maximum when the deposition temperature of
CoCrPtB layer was 300°C.
In the second part, a CoTb stabilization layer was deposited on CoCrPtB
magnetic layer. The CoCrPtB layer was deposited under the optimized con-
ditions in first part. The effects of composition and thickness of the CoTb
layer on the coercivity and the thermal stability, etc. were systematically in-
vestigated. It was found that the coercivity and thermal stability increased
with the thickness of the CoTb layer. The dependence of coercivity on the
Co content of CoTb showed that the coercivity had a maximum value around
2800 Oe when Co content was 82%. The maximum thermal stability factor
was around 160, which was much higher than the media without CoTb sta-
bilizing layer (around 64). These indicated that the proposed magnetically
coupled media were an effective method to increase the thermal stability of
CoCrPtB media and thus can expand the limits of Co alloy media to higher
areal density.
In the third part, the magnetization reversal procedure of CoCrPtB layer
with CoTb stabilization layer was investigated in details. The magnetic
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switching behaviors of the CoCrPtB layer were changed greatly by the ex-
change coupling effect from the CoTb layer. By tuning the Co content
and thickness of the CoTb layer, the shape of hysteresis loop and the DCD
curve underwent a systematic transition. The hysteresis loop and DCD curve
of the exchange coupled Ti(40nm)/CoCrPtB(40nm)/CoTb(15nm)/Ti(4nm)
film showed an unusual shape, which was explained by the high anisotropy
of the CoTb layer.
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In modern computer system, the information storage devices are key. There
are many types of storage devices, such as memory, tape, floppy disk and hard
disk. The hard disk is probably the most important type of storage devices.
It is currently used in countless personal computers and public servers. In
order to meet the requirements of larger capacity, faster accessing speed and
higher reliability, the hard disk industry has developed rapidly. Since IBM
built the first magnetic hard disk drive in 1956, the areal density of hard
disk increased in an astonishing speed. After 1998, the giant magnetoresistive
(GMR) spin-valve head further pushed the growing speed of the areal density
of hard disk drive. Figure 1.1 shows the development of areal density of hard
disks.
However, the higher the areal density, the lower the thermal stability of
the recording media. The thermal effect problem is a final limitation of the
magnetic recording, known as superparamagnetism. People have tried many
methods to solve the problem. Here we introduce the Magnetically Coupled
Media as a possible solution to this problem.
Before introducing the magnetically coupled media, let us first go through
longitudinal and perpendicular recording systems.
There are two types of recording systems: the longitudinal and the per-
pendicular recording system. The longitudinal recording media have been
used in hard disk for a long time. But the perpendicular type media have
attracted more attentions due to their unique advantages over longitudinal
recording media.
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Figure 1.1: Areal density progress in magnetic recording since its
invention (courtesy of Ed Grochowski[1]).
1.1 Longitudinal Recording System
1.1.1 Traditional Longitudinal Media
Figure 1.2 shows the illustration of longitudinal magnetic recording.
Figure 1.2: Longitudinal magnetic recording, Picture from ref [2]
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In longitudinal recording systems, the magnetization direction is in the
plane of the recording media surface. The heads used to read and write
the media are different, but they are often mounted together on the head
assembly. Inductive ring head is used to write the media and magnetoresis-
tive(MR) head is used to read the media. The recorded bits generate different
magnetic field at the bit transitions. This field is collected by the MR sensor
and transformed into data bits by signal processing unit.
In order to achieve high areal density, several parameters of the media
must be considered. First, higher areal density means smaller bit length
B and track width W . However, direct reduction of bit length and track
width will cause problems, as explained below. These problems give the
requirements for higher density media.
The first problem is the signal-to-noise ratio(SNR) problem. One bit in
the media is composed of a number of magnetic grains. A certain number of
grains are required to maintain the SNR. As the bit size decreases, the grains
in the bit must also decrease in size. Otherwise the noise will be too high for
the reading process. So the first requirement is smaller magnetic grains.
The second problem is the thermal stability problem. As the grain size de-
creases, recorded bit becomes thermally instable. A simple Stoner-Walfarth
model can be used to describe the problem. If the grain is considered as an
isolated single domain particle, the energy barrier for magnetization reversal
is given by:
EB = KuV (1− H
H0
)1.5 (1.1)
Here Ku is the anisotropy constant, V is the volume of the grain, H0 is an
intrinsic switching field. If the thermal activation energy kBT is comparable
to this energy barrier, the media become thermally instable. To overcome
this problem, higher Ku should be used. This is the second requirement for
high density recording media.
The traditional single layer longitudinal media widely utilize Co alloy
(CoCrPt, CoCrPtB) as the recording layer. There are several limitations to
this kind of media.
The first shortcoming is the low thermal stability, as the media cannot
utilize higher anisotropy material, that is, to increase Ku. The problem for
high Ku material is the writing field problem. Writing field is the exter-
nal magnetic field generated by the head to write the recording layer. The
required writing field Hw for longitudinal media with ring head can be esti-
mated as:(from Ref.[3])
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Hw ≈ H0 ≈ Ku
Ms
(1.2)
Here Ms is the saturation magnetization of the media material and H0 is
an intrinsic switching field of the media. For media with higher Ku, a larger
writing field is required. Thus the write head must have higher saturation
magnetization to allow higher magnetic flux. However, the soft material
used in current head is already approaching the highest value available and
cannot be enhanced anymore. Thus the media with high magnetocrystalline
anisotropy constant are not writable under longitudinal scheme.
Another problem of longitudinal recording is the transition noise problem.
The demagnetization fields of nearby bits will cause wider transition, as they
tend to demagnetize each other. This causes a low read back signal.
A third shortcoming of longitudinal media is that the orientation of easy-
axis are random in plane, which causes a broad switching field distribution
and wider writing transition.
All these limit the areal density of traditional single layer longitudinal
media to 100Gbits/in2.
1.1.2 LAC Media
The LAC media stands for laminated antiferromagnetically coupled media.
This is an enhanced type of longitudinal media. This type media utilize a
second layer called stabilizing layer, which is used to increase the thermal sta-
bility and lower the Mrt of the media, where Mrt is the remanence-thickness
product. The second layer is fabricated above or under the original layer,
with a very thin intermediate Ru layer. By adjusting the thickness of the
intermediate layer. There is anti-ferromagnetical coupling effect between the
two layers, which increases the effective volume V of the magnetic grains. At
the same time, the Mrt is reduced as the two layer have different magneti-
zation direction. The easy axis direction is in the plane, so LAC media still
belong to the longitudinal system.
The LAC media successfully enhance the thermal stability of the record-
ing media. However it has its own limitations. Firstly, the thermal stability
is still not high enough to support future high density recording media. Sec-
ondly it still has some disadvantages of longitudinal recording system. These
limit the areal density of LAC media to 200Gbits/in2.
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Figure 1.3: A typical hysteresis loop of LAC media [4] The arrows
indicate the direction and strength of Mrt for the two magnetic
layers
1.2 Perpendicular Recording System
Figure 1.4 is the illustration of perpendicular magnetic recording.
Figure 1.4: Perpendicular magnetic recording, Picture from ref [2]
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The perpendicular recording system was proposed in 1970s by Prof. Iwasaki[5].
The magnetization direction (easy axis direction) is vertical to the film plane.
The perpendicular system utilizes some different components compared with
longitudinal system. A soft magnetic underlayer (SUL) is used to guide the
magnetic flux and a single pole head is used to write the media. The SUL
layer effectively generates a mirror of the writing pole. This design makes the
effective writing field twice higher than that used in longitudinal recording.
A much wider collection pole is used to receive the flux transported through
SUL. therefore, unlike the longitudinal recording, the perpendicular system
can write materials with higher Ku. There are several advantages of the
perpendicular recording.
First, the utilization of higherKu material means higher thermal stability.
The single pole head and soft magnetic underlayer combination effectively
increases the maximum writing field. Another advantage of this combination
is the focused magnetic flux, which will make less degradation of written
tracks.
Second, sharper transitions between recorded bits can be obtained on
relatively thick media. The demagnetization fields in perpendicular systems
stabilize nearby bits. This is due to the natural orientation of easy axis.
Thicker media allow more grains per unit area.
However, the perpendicular recording media have new problems.
First, a more complex structure, especially the SUL layer must be created.
Second, the fields associated with the return pole will interfere with the
magnetization on adjacent tracks, unless Hc − 4piMs is large. Finally, it will
eventually encounters the thermal instable problem again when the areal
density further increases.
1.3 Magnetically Coupled Media
In this thesis, the magnetically coupled media as a possible candidate for
future ultra-high density magnetic recording are introduced. This media are
also called CGC type media. It is known that Co alloy granular media have
small isolating grain size. But its magnetic anisotropy is not high enough to
support high density magnetic media. In order to increase the thermal sta-
bility and maintain lower noise, magnetically coupled media were proposed.
In traditional CoCr alloy granular media, the anisotropy comes from the
magneto-crystalline anisotropy of the grains. Cr segregation at the grain
boundary results in physically isolated grains without coupling. Such a
medium has a sheared hysteresis loop with a slope around 1 at the coer-
cive field. This type of media have the advantage of low medium noise.
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However, due to its low magnetocrystalline anisotropy, when the grain size is
reduced to support higher areal density, thermal instability problem occurs.
Magneto-optic recording medium, which is usually a Co-based multilayer
or a TbFe alloy, is another traditonal type of media. These materials exhibit
very square hysteresis loops and strong exchange coupling effect. The ex-
change coupling effect improves the thermal stability of the media. However,
as it is continuous media, the media have drawbacks of high susceptibility to
domain wall movement in stray fields and high transition noise due to zig-zag
transitions.
The magnetically coupled media adopt two layer structure. One is the
magnetic recording layer(CoCrPtB, granular) and the other is the stabiliz-
ing layer(CoTb, amorphous). Unlike LAC media, the magnetically coupled
media have exchange coupling between granular and continuous layers and
it is a perpendicular system without intermediate layer. This design has the
novelty that it is aimed to further increase the thermal stability of magnetic
media without noise problem and at the same time keep the advantages of
perpendicular system.
Some good results of the media were observed in my experiments. Firstly,
the thermal stability is further increased compared with LAC media. Sec-
ondly, the exchange coupling strength in this media is very strong. Finally,
the media utilize a very simple two layer structure, which does not need a
intermediate layer.
1.4 Objective of the Study and Organization
of the Thesis
In this study, there are two main objectives. The first is to explore CoCrPtB/CoTb
magnetically coupled media, which are a highly thermal stable. As stated
in previous section, the CoCrPtB/CoTb media have the potential of higher
thermal stability. The second objective is to study the exchange coupling
effect of the media.
The thesis is organized into three main parts: the introduction and review
part, the experiment part and the results part.
Chapters 1 and 2 form the introduction and review part. In chapter 1,
general background information on magnetic recording media is given. In
chapter 2, brief review on coupled media and CoTb material is made, which
is closely related to this thesis.
Chapters 3 and 4 are the experiment part. In chapter 3, instruments used
in this project are introduced with brief explanations of their principle. In
16
chapter 4, a detailed description on how the experiments are organized is
given.
Chapters 5,6 and 7 are the results and discussions part.
In chapter 5, experiment results on how to obtain a well grown single
layer CoCrPtB perpendicular media are described. This chapter involves
the fabrication of Ti underlayer and CoCrPtB magnetic layer. Experimen-
tal conditions, which are adjusted to optimize the magnetic recording layer
CoCrPtB, are also explained.
Chapter 6 and 7 describe an amorphous CoTb layer, which is added to
the top of the CoCrPtB, and the effect of this layer on magnetic properties
are investigated. The thickness of the CoTb layer and the Co content in
CoTb are adjusted. In this part, thermal stability of the media is tested and




In my study, CoCrPtB magnetic media with a coupled CoTb stabilizing
layer are the subject. This study involves some background information in
magnetic recording area. One topic is coupled media, including LAC(AFC)
media and CGC media. They are the type of media similar to that in this
study. The second topic is related to the material used, which is CoTb.
Background on this material is helpful to my research. The third topic is the
exchange coupling effect, which is used to explain the experiment results.
In this chapter, brief review on these topics related to coupled media,
CoTb material and exchange coupling effect is given. The mentioned articles
are either closely related to my research, or very classical in this area.
2.1 Laminated Antiferromagnetically Coupled
Media
The Laminated Antiferromagnetically Coupled(LAC) media[6][7] have been
proposed and used in industry for sometime. This kind of media are similar
to synthetic ferrimagnetic (SF) media [8][4]. antiferromagnetically coupled
(AFC) media [9] [10], and synthetic antiferromagnetic (SAF) media [11].
It has been found that these media have higher thermal stability at lower
values of remanent moment-thickness product. Figure 2.1 shows the nor-
mal and inverted LAC structures. We can see there is an additional layer
used to stabilize the magnetic recording layer. This idea is also adopted by
magnetically coupled media studied in this thesis.
Figure 2.2 shows the different types of LAC media. We can find that they
all utilize Ru as an intermediate layer. Without this layer, the antiferromag-
netic coupling effect between the magnetic layer and the stabilizing layer can
not be established and thus it is impossible to increase the thermal stability
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Figure 2.1: Illustration of (a) normal and (b) inverted LAC struc-
tures. From Ref[12]
and decrease remanence-thickness product(Mrt).
Figure 2.2: Different types of laminated antiferromagnetically cou-
pled media. (a) Normal structure, as proposed by IBM and Fujitsu.
(b) High-J structure, proposed by Pang et al. [13]and others. (c)
Sandwiched structure for low MrT design, proposed by Wang et
al. . [14] From Ref[12]
For typical LAC media, the thermal stability factor(see 4.3.3) is normally
between 60-90.[12] This is already higher than that in traditional CoCrPtB
media.
The magnetically coupled media discussed in this thesis have two good
points compared with LAC media. It further improves the thermal stability
factor and no intermediate layer is required.
19
2.2 CGC Type Media
A CGC type media are combination of granular and continuous media. The
exchange-coupled continuous layer sits on the top of the granular layer. It
utilizes both the advantages of granular and continuous media.
A sample structure of CGC type media is shown in figure 2.3.
Figure 2.3: Schematic representation for the structure of coupled
granular/continuous (CGC) media with soft magnetic underlayer.
[20]
In [15], coupled granular/continuous perpendicular media consisting of
a continuous multilayer for high thermal stability and a granular host layer
to reduce noise are investigated. They reported that the addition of Co/Pt
multilayers increased the nucleation field of the CoCrPt medium and the
moment decay was reduced. Compared with Co/Pd multilayer media, the
CGC medium had a 10 dB higher signal-to-noise ratio (SNR). Hysteresis
loop of CGC media is shown in Figure 2.4
Rare earth element terbium (Tb) has already been utilized in magneto-
optical recording for a long time.[16][17] However, as Tb alloy displays no
grain boundary noise[18], it can expand its application to perpendicular
recording too[19].
The properties of CoTb alloy have been studied for sometime. In ref
[21], the magnetic properties including the coercivity, magnetization, and
squareness of the alloy were studied. In [22], Curie point and magnetostrictive
effect were studied.
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Figure 2.4: Hysteresis loops of CGC media and granular media [15]
CoTb was also used with other elements, such as the YCo/TbCo bilayer
structure[23]. In Ref [24], NiFe-TbCo was studied. These researches were
focused on not only the magnetic properties, but also the exchange coupling
effect between the two layers.
In [25], the CoTb/CoCrPt two layer structure was studied for magnetic
recording. Figure 2.5 shows the hysteresis loops with different CoTb thick-
ness.
Figure 2.5: Hysteresis loops of the CoTb/CoCrPtB composite me-
dia with various CoTb layer thicknesses. From ref [25]
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The magnetic hysteresis loop showed that the squareness was enhanced
dramatically. This will decrease the DC noise and thus increase SNR. How-
ever, this study did not give thicker CoTb samples. Ref [25] gave the SNR -
CoTb layer thickness relation as in Figure 2.6.
Figure 2.6: SNR measured at 300 kfci and the time decay of the
read back signal measured at 25 kfci as a function of the CoTb
layer. From ref [25]
The SNR has a peak value at 6nm and sample thicker than 12nm cannot
be read and written. This revealed the positive effect of CoTb layer and also
showed that the thickness should not be too large.
2.3 Exchange Coupling Effect
The exchange coupling effect is important for stabilizing layer to stabilize
the magnetic layer. This effect has been discovered for a long time.
In 1956, Meiklejohn and Bean reported the ”magnetic exchange anisotropy”.
They prepared Co particles with a CoO oxide coat and the sample showed
biased hysteresis loop in Figure 2.7.
The loop shifts its position as if there is an additional anisotropy (ex-
change anisotropy). Actually, this is the result of the interaction between
ferromagnetic (Co) and antiferromagnetic (CoO) materials. The following
Figure 2.8 is an illustration on how the two types of materials interact [27].
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Figure 2.7: Hysteresis loops at 77 K of oxide coated cobalt parti-
cles. Solid line curve results from cooling the material in a 10 000
oersted field. The dashed line curve shows the loop when cooled
in zero field. From Ref[26]
Figure 2.8: Schematic of the ideal FM/AFM interface. The FM
and AFM layers are single crystal and epitaxial with an atomically
smooth interface. The interfacial AFM spin plane is a fully un-
compensated spin plane. For this ideal interface, the calculated
value of the full interfacial energy density is about two orders of
magnitude larger than the experimentally observed values. From
Ref[27]
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The key is near the interface. The AFM spin plane near the interface is a
fully uncompensated spin plane[27]. This plane has a strong coupling effect
with the FM spins. If the two layers are recording media, the effect is so
strong that it looks as if the effective volume of magnetic grains increase and
at the same time the media have small remanence-thickness product(Mrt)
and thus lower noise.
The exchange coupling effect described above is FM/AFM type coupling.
There also exists FM/FM type of exchange coupling. One example is the
Co/Pt multi-layer structure. Studies using ferromagnetic resonance and Bril-
louin light scattering [28][29] have shown that FM coupling exists between
Co layers across the Pt layer, and disappears at a critical thickness of the Pt
layer. In ref.[30], Liu et al. studied the ferromagnetic coupling between two
Co/Pt multi-layers with a Pt spacer. Figure 2.9 shows the hysteresis loops
of Co/Pt multi-layers with 30A˚ and 40A˚ Pt spacer respectively.
Figure 2.9: Hysteresis loops for NiO(10A˚)/[Co(4A˚)/Pt(5A˚)]3/Pt(xA˚)/[Co(4A˚)/Pt(5A˚)]3
with x=30, 40A˚, respectively. Ref[30]
When the Pt spacer is less than 30A˚, the top and bottom Co/Pt multi-
layers are ferromagnetic coupled. This effect decreases as the thickness of
the Pt spacer increases. When Pt spacer reaches 40A˚, the two part are no
longer coupled. The reversal of the bottom Co/Pt multi-layer occurs first
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and the top Co/Pt multi-layer has a very sharp reversal after that.
The exchange coupling effect is not only used in disk media. It is also
used in other part of the hard disk. Spin valve read heads [31] and giant





This section presents the principle and usage of instruments used in experi-
ments. Many instruments were used, however I focused on three of them: The
sputtering machine, the Alternating Gradient Force Magnetometer (AGFM
or AGM) and the X-Ray Diffaction(XRD).
3.1.1 Sputtering Machine
Sputtering occurs when the energetic ions (usually Ar+ ions) in a field make
a series of collisions with atoms in the target. A number of target atoms will
obtain sufficient energy and eject from the target. In sputtering, several steps
occur in sequence. First, plasma is generated at the region between the target
(connected to cathode) and anode. Then Ar+ ion in the plasma is accelerated
and hits the target surface. The atom of target material gained enough energy
and is physically converted to the vapor phase. The vapor is transported
across a region of reduced pressure (from the target surface to substrate
surface). If the substrate is located near the surface being evaporated, some
of the vapor produced can condense to form a thin solid film on the substrate.
Figure 3.1 shows the principle of a DC sputtering machine.
Several parameters can affect the sputtering process. First, the Ar pres-
sure must reach a certain level to generate plasma. If the Ar pressure is too
low, the sputtering process cannot start. However, once plasma is generated,
the Ar pressure can be lowered in a certain range. The Ar pressure also has
effect on grown film structure and sputtering rate. The higher the Ar pres-
sure is, the higher the sputtering rate is. The voltage between targets and
anode will affect the energy of accelerated Ar+ ions. As a result, the target
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Figure 3.1: The principle of DC sputtering machine
atoms bombarded out will have different energy too. Change of the voltage
will affect both sputtering rate and the growth of thin films.
The sputtering machine used in fabrication process is a home-made UHV
sputtering machine. This machine has the structure as shown in Figure 3.2:
The main chamber is the largest chamber on the right side with four
sputtering guns which can be switched two-way between DC and RF mode.
Targets are mounted on the top of the sputtering guns. Depending on the
conductivity of the target material, DC or RF gun can be used. For material
with high magnetism, such as cobalt, there is one gun capable of magnetron
sputtering. Vacuum of the chamber is maintained by a cryopump, which has
a high pumping speed. When the pump is working normally, the internal
core keeps a temperature at 10-11K. A control gate valve is used to adjust the
pressure in the main chamber. The valve can be fully shut off for cryopump
regeneration. There is a radiant heater below the top of the chamber, which
can heat the substrate up to 400°C. The substrate holder below the heater is
rotated by a motor and can be lifted up for sputtering or lowered down for
sample loading. The whole chamber is wrapped by heating belts, which is
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Figure 3.2: Sketch diagram of sputtering machine
used to get a high outgassing effect. After completely cleaning and baking,
an UHV environment (about 10−9 torr) can be obtained in this chamber.
The whole chamber can be open by injecting compressed air into two tubes,
which will lift the arch-shaped cover of the chamber. The leftmost chamber is
a small sample loadlock chamber. In this chamber a stack of trays moves up
or down together and the spacing between each trays is fixed. This structure
can load up to 8 substrates a time. For easier operation, spacing between
samples can be doubled by loading only four substrates on each other tray.
This chamber is connected to a mechanical rotatory pump used for rough
pumping. The cover of this chamber can be open simply by hand after
venting. The middle chamber is a DLC chamber. This chamber is equipped
with one sputtering gun and a cryopump. In my experiments, this chamber
is mainly used to quickly reduce the pressure in the loadlock chamber, as
this chamber has a small volume. It is normally not necessary to open this
chamber.
In summary, this sputtering machine has the following parameters. Base
pressure: 10−9 Torr. Working gas: argon. Venting gas: nitrogen. Main
chamber pump: cryopump. Target diameter: 3 inches. Number of sputtering
gun: four.
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3.1.2 Alternating Gradient Force Magnetometer
Figure 3.3: Appearance of alternating gradient force magnetometer
Figure 3.3 shows the AGFM in use from Princeton Measurement Cor-
poration. An AGFM is a highly sensitive measurement system, which is
capable of measuring hysteresis loops and magnetic properties of wide range
of sample types. It is based on a different principle compared with con-
ventional vibrating sample magnetometer(VSM). Traditionally, for VSM a
sample placed in a magnetic field is vibrated at a fixed frequency via an
electro-mechanical transducer. However AGFM is different from VSM. In
AGFM, an alternating gradient field is utilized to exert a periodic force on
a sample placed within a variable or static DC field. The force is propor-
tional to the magnitude of the gradient field and the magnetic moment of
the sample. The force deflects the sample and this deflection is measured
by a piezoelectric sensing element mounted on the probe arm. The output
signal from the piezoelectric element is synchronously detected at the operat-
ing frequency of the gradient field. Operating near the mechanical resonant
frequency of the assembly enhances the signal from the piezoelectric element.
Figure 3.4 is the schematic diagram of AGFM.
The principle of the AGFM is as follows. The orientation of the bimorph
will depend on the direction of the field gradient. The force along x from the
interaction of the gradient and the magnetic moment mx is:
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Figure 3.4: Schematic diagram of alternating gradient force mag-
netometer
Fx = mxdhx/dx (3.1)
Fy = mxdhx/dy (3.2)
For the cases corresponding to these equations, mx is varied by changing
Hx.
The AGFM used at DSI is 2900 MicroMag, which utilizes a software
function that automatically determines the mechanical resonance and sets
the appropriate operating frequency for the sample under study and the
electromagnet can provide field up to 20 kOe. In my experiment, AGFM is
used to measure the hysteresis loop, demagnetization curve and remanence
curve.
3.1.3 X-Ray Diffraction
X-ray diffraction is used to detect the crystallographic structure of materials.
It is versatile and non-destructive, which make it very useful in materials
science.
X-rays are electromagnetic waves with a wavelength λ of 10−8 to 10−11 m,
which have an equivalent energy of 0.1 to 10 MeV. When a monochromatic
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X-ray beam is projected onto a crystalline material at an angle θ, it is scat-
tered on atoms of the crystal. The coherent scattering is described by the
theory of diffraction. The incident beam excites the electrons of the scatter-
ing center and leads to harmonic oscillations, causing them to emit radiation
themselves. The atoms of crystals are ordered periodically. Because of the
periodicity of these scattering centers and the fact that the lattice spacing is
close to the wavelength of incident x-rays in magnitude, interference occurs.
Depending on direction, the waves emitted from neighboring scattering cen-
ters interfere constructively (maximum intensity) or destructively (minimum
intensity).
Figure 3.5: Principle of X-ray diffraction, from Ref[34]
In Figure 3.5, d is the lattice spacing, θ is the incidence angle, λ is the
wavelength of the X-ray. As shown in the figure, the incident X-ray is scat-
tered on different crystal lattice plane. In the current situation, the spacing
between planes is equal to the lattice spacing. Therefore, the scattered X-
rays will have a path-length difference. When this path-length difference
meets a certain condition, constructive interference occurs. This is expressed
in geometrical terms in Bragg’s Law:
nλ = 2dsinθ (3.3)
Maximum constructive interference occurs when the Bragg’s Law is met.
If we vary the incident angle continuously and record the intensity of the re-
flected beam, diffraction spectrum can be drawn. By studying the spectrum,
crystal structure can be learned.
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In this chapter, sample fabrication method is introduced in detail. First
the selected materials are given. Then the sample structure and samples
organization are introduced. Finally the testing methods are illustrated.
3.2 Materials
Table 3.1 below shows materials used in the experiment.
Table 3.1: Sample materials
Cover layer Titanium
Stabilizing layer CoTb (Cobalt Terbium alloy)
Magnetic layer CoCrPtB (Co60Cr20Pt12B8 alloy)
Underlayer Titanium
To fabricate samples, four targets are used. They are titanium, cobalt,
terbium and CoCrPtB alloy targets. All targets have a diameter of 3 inches.
A 50mm × 22mm cover glass is used as substrate for all samples. This
substrate is easy to heat and cut.
The experiments are divided into two steps. In the first step the sam-
ple does not have the CoTb stabilizing layer, whereas both magnetic and
stabilizing layers are used in the second step.
3.3 Sample Structure and Fabrication
In this research, our aim is to use rare earth alloy CoTb as stabilizing layer.
However, before we can study the properties of the CoTb layer, we must
first have a well grown CoCrPtB layer with perpendicular anisotropy. So
the goal of the first part experiments is to make the CoCrPtB layer grown
perpendicularly.
To get a perpendicular CoCrPtB structure, we used Ti as the underlayer.
The Ti underlayer should be thick enough to ensure a good orientation. A
40nm Ti layer was sputtered at 250°C. (details are explained later)
The CoCrPtB magnetic layer was then sputtered on Ti underlayer. The
deposition temperature and the thickness of CoCrPtB layer were varied. By
testing the XRD spectra and the magnetic properties of the samples, these
two parameters can be determined. A 40nm CoCrPtB was sputtered at
250°C. (details are explained later)
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When we had a well-grown magnetic layer, it is time to try the stabilizing
layer. The underlayer and magnetic layers were prepared as before and the
CoTb layer was sputtered on them with a cover layer. In order to change
the thickness and content of the CoTb layer, we changed the power on both
sputtering guns. The samples have a structure as in figure 3.6
Figure 3.6: Sample structure
Three series of samples were sputtered. The first series had a fixed CoTb
thickness at 6nm, while the Co content ranged from 0% to 100% and Tb 100%
to 0% respectively. Based on the testing results of this group of samples,
we can determine the ”point of interest” at 80% Co, which is the data point
where the sample shows best magnetic properties or has a different hysteresis
loop. The second series have a fixed Co content determined above, i.e. 80%,
while the thickness changes from 3nm to 20nm. We can determine the second
point of interest at 15nm. The third series are similar to the first series, but
the thickness is fixed at 15nm and the Co content is changed in a small range,
70%-90%. This series of samples show how the magnetic properties change
with small variation of CoTb alloy component. The three series of samples
can be illustrated in figure 3.7 below:
In the experiments, the bottom two layers were sputtered at high temper-
ature as described before. However, the CoTb layer must be formed at room
temperature, which means that the samples need cooling after the formation
of the bottom two layers. This process must be done in high vacuum environ-
ment to prevent oxidation, so the heat can only be transferred out through
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Figure 3.7: Diagram to show three series of samples prepared ac-
cording to layer thickness and Co content
the metal part, that is, the substrate holder of the sputtering machine. It is
obvious that this process will take quite some time, normally more than 2
hours, to finish. In order to obtain higher efficiency on sample preparation,
we loaded 4 substrates a time into the sputtering machine. Thus we can have
4 samples being cooled at the same time without breaking the high vacuum
condition.
3.4 Sample Characterization
After samples were fabricated, they must be tested as soon as possible. There
are two reasons for this: firstly, new fabricated samples are easy to be oxi-
dized, which means the sample should be tested before the cover layer(used
to protect magnetic layer from direct contact with atmosphere) fully oxi-
dized. The second one is, we cannot decide parameters for subsequent sam-
ples without knowing the results of previous samples. There are several types
of measurements:
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3.4.1 Measurement of Simple Hysteresis Loop
The directly measured hysteresis loops are important for us to understand
the magnetic properties of samples. The test gives us a first impression of
the sample and we can also get even more information from it.
Now let us discuss about the samples with magnetic layer only and sam-
ples with stabilizing layer added. When samples with only magnetic layers
are tested, the two main parameters we examine are coercivity and square-
ness. For CoCrPtB material, the two values should be as high as possible.
If the sample meets the requirements, it will be tested by XRD to further
confirm the growth. When samples with CoTb stabilizing layer are tested,
we first look at the shape of the loop. If the loop has kinks in the second
quadrant, as kinks in LAC media(see Ref.[12]), exchange coupling effect be-
tween the two components may exists. Based on this loop, we can figure out
how to test this sample further. For example, we can point out the possible
switching point for DCD test.
The measurement itself is simple. The physical procedure is: applying
a large enough magnetic field to magnetize the sample in positive direction,
decreasing the field gradually and record the magnetization of the sample at
each point until the field reach the negative maximum, then increasing the
field gradually again to draw the other half of the curve. This will give us a
simple hysteresis loop as shown in figure 3.8.
Figure 3.8: A typical simple hysteresis loop
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3.4.2 Measurement of DCD Curve
The DCD curve stands for DC demagnetization curve. This curve is more
complex to test than simple hysteresis loops. By testing the curve, we can
get more info about the sample. For example, we can get the remanence
coercivity of the sample (HCR); we will know if the sample has an irreversible
magnetization switching; and the delta-M test also requires a DCD test. Now
let us show how the DCD curve is tested and the relation between the DCD
curve and the simple hysteresis loop. See figure 3.9 and figure 3.10
Figure 3.9: Illustration showing process of measuring a DCD curve
First a large positive field is used to magnetize the sample to saturate
magnetization. (process (1) in figure 3.9)
Then a negative field is applied and the field is maintained for a given
time. This will demagnetize the sample to a certain level. (process (2) in
figure 3.9)
Then the field is released. The magnetization will return to a certain
value. This value is recorded. (process (3) in figure 3.9)
In process (1), the sample is fully magnetized. Thus all grains point to one
direction. In process (2), some grains with small switching field have their
magnetization switched to the negative direction. However, grains with large
switching field can maintain their positive magnetization direction. In this
process, the total magnetization decrease. In process (3), no field is applied
and some grains with small switching field switch back again by coupling
effect. So the total magnetization increase a bit. If we do this multiple times
with the demagnetization field changed, we can plot a remanence curve with
X axis and Y axis as shown in Figure 3.10:
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Figure 3.10: Remanence curve formed by measuring process shown
in 3.9
3.4.3 Calculation of Thermal Stability Factor (SF)
The thermal stability factor, also written as SF for short, is the key to our
experiments. The SF value is calculated from a series of remanence curves.
Let us see how the factor is calculated.





Here Ku is anisotropy constant, V is the effective volume of magnetic
grain, kB is Boltzmann constant, T is the temperature.









HereHc is the tested remanence coercivity, which can be obtained directly
on the remanence curve; tc is field staying time(the time that a certain field
is maintained for) which is determined by user when measuring the curve;
H0 is an unknown intrinsic switching field; f0 is a constant (10
10).
In the experiments, we change tc and get a series of curves. From the
curves, we can get Hc. So only SF (equal KuV/kBT ) and H0 are unknown.
By fitting a line, we can calculate both H0 and SF . The fitting is quite good
in this experiment.
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3.4.4 Measurement of XRD Spectrum
The general method to test a sample with a XRD machine is well known.
Here I only describe things related to my experiment.
What we concern is the growth of CoCrPtB layer and the growth of CoTb
layer. The expected results should have a perpendicular CoCrPtB layer and
amorphous CoTb layer. So we tested the samples with only bottom two
layers to check Ti peak and Co peak. Then we tested samples with only
CoTb layer to check Co and Tb peaks.
3.4.5 Experiment Parameters
In the measurement of hysteresis loops, a maximum field of 20000Oe is used.
In simple loop measurement, magnetic moment is recorded every 50Oe with
a 100ms time interval (time for applied field to stay). In SF measurement,
the series of 6 DCD curves have different field times. The field stay times
are: 0.5s, 1s, 2s, 5s, 10s, 20s.






Here I would like to briefly repeat how my experiments are organized. There
are two steps in my experiments. The first step is to have a well grown mag-
netic recording layer, that is, a CoCrPtB layer with perpendicular anisotropy.
The second step is to test the effect of stabilizing layer, that is, the stabilizing
effect and influence of the CoTb layer. In this chapter I’ll focus on the first
step.
In the first step only two targets are involved. The CoCrPtB is used as
magnetic layer and the Ti as underlayer. To get the necessary structure, all
kinds of experimental conditions are important. There are several factors af-
fecting the properties of the films. Substrate temperature and argon pressure
are the two most important parameters. The power applied on sputtering
guns also have some effect but not so obvious. Besides deposition conditions,
thickness of the sputtered film affects the film property greatly. These factors
are considered together to determine the base two layer structures.
4.1 Argon Pressure’s Effect on Film Proper-
ties
The argon pressure affects both the sputtering rate and properties of thin
film. Let us see the sputtering rate first. The sputtering rate of Ti and
CoCrPtB are tested by the following method. Insert a blank substrate into
the chamber. Several lines are marked by oil mark pen on the substrate
surface. Thus this part can be washed off easily after sputtering. Apply a
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certain power on the sputtering gun and sputter for a certain time. Get the
substrate out and wash off the marked part of the film. Now we can test
the film thickness by step profiler. Suppose we applied a W watts power




W ·N (nm · s
−1 · w−1) (4.1)
However, the precondition that the formula holds is the existence of a
linear relationship between the thickness and power applied. To confirm the
fact, experiment on all four targets is conducted by using different power.
By keeping same sputtering time and applying different power, a set of film
thicknesses is measured. Calculation results show that as power varies, the
resultant film thickness is proportional to the power applied. Namely, the
sputtering rate is invariable. For example, by using Ti target and fixing
sputtering time at 600 seconds, we apply power 200W and 300W, and obtain
film thickness 920nm and 1367nm, respectively. Then the sputtering rates
after calculation are 0.007661111nm ·s−1 ·w−1 and 0.007594444nm ·s−1 ·w−1,
respectively. Difference between the two data is quite small and may be at-
tribute to experimental errors. In subsequent fabrication of main samples, no
significant change has been made with sputtering power. Hence, we consider
the above formula holds.
We tested the sputtering rate of Ti at 3mTorr and 1mTorr. The results
show no big difference in sputtering rates. We also tested the sputtering rate
of CoCrPtB at 3mTorr Ar pressure. The results are displayed in Table 4.1.
Table 4.1: Ti sputtering rate dependence on argon pressure
Argon pressure 1 mTorr 3 mTorr
Ti sputtering rate(nm · s−1 · w−1) 0.007608333 0.007661111
CoCrPtB sputtering rate(nm · s−1 · w−1) 0.010988889
Now let us see the magnetic properties. We tested the coercivity, mo-
ment and Mr/Ms ratio of sputtered Ti/CoCrPtB films under 1mTorr Ar and
3mTorr Ar respectively. The results show no obvious difference, as shown in
Table 4.2.
Here the moment is the saturation moment of the sample. This values
varies a little because the cut samples’ size are not exactly same.
In addition, the hysteresis loops of different Ar pressure samples have
similar shape without noticeable difference. Based on these results, we can
see the film properties are not sensitive to Ar pressure. Therefore, 3 mTorr
40
Table 4.2: CoCrPtB coercivity dependence on argon pressure
Ar pressure Coercivity Moment Mr/Ms ratio
3 mTorr 1848 Oe 180.9µemu 0.4548
1 mTorr 1827 Oe 225.7µemu 0.4515
argon pressure are used for both Ti underlayer and CoCrPtB mag-
netic layer.
4.2 Effect of Ti Underlayer Thickness and De-
position Temperature on Film Properties
It is time to see how Ti underlayer thickness affects film properties. We
changed Ti thickness from 5nm to 40nm and the Ar pressure and deposition
temperature were fixed at 3mTorr and 250°C respectively. The corresponding
magnetic properties and crystalline structure were examined.
Table 4.3: The effect of Ti underlayer thickness on coercivity
Ti thickness (nm) Coercivity (Oe) Saturate moment (µemu) Mr/Ms
5 775 182.4 0.3426
10 1221 157.0 0.4004
20 1563 159.5 0.4263
40 1848 180.9 0.4548
As shown in Table 4.3, film coercivity increases as the Ti underlayer gets
thicker. This is reasonable because the stress in Ti lattice is released as the
Ti layer grows thicker and form a better (002) orientation and hcp phase
CoCrPtB (002) epitaxially grows on Ti (002) layer. When Ti underlayer
reaches 40nm, the coercivity is maximum. In order to understand it, crys-
talline structure were examined by XRD.
The grown films should have a good structure, which includes good (002)
orientation and hcp phase. The XRD spectra of CoCrPtB with different Ti
underlayer thickness are shown in figure 4.1
It is found that the intensity of the Ti(002) peak increases with the in-
crease of the thickness of Ti underlayer and only Ti(002) peak is observed
in the XRD spectrum, indicating that the Ti underlayer is (002) preferred
orientation which improves with the thickness of the underlayer. It is worth
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   5nm Ti underlayer
   10nm Ti underlayer
   20nm Ti underlayer
   40nm Ti underlayer
Figure 4.1: XRD spectra of Ti/CoCrPtB films
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noting that the intensity of Co(002) decreases with the increase of Ti un-
derlayer thickness. In principle, the hcp-Co(002) is epitaxially grown on the
Ti(002) underlayer. So the Co(002) peak should increase with Ti underlayer
thickness. It is well known that both fcc Co(111) plane and hcp(002) plane
are closely packed and their lattice constants are very close. So it is very
easy to form the fcc Co(111) stacking faults when hcp-Co(002) preferred ori-
entation is grown. Therefore, the decrease of the intensity of Co(002) peak
can probably be ascribed to the formation of fcc-Co(111) stacking faults, as
is stated in Ref.[36]. The magnetic property also verifies this conclusion.
Fcc-Co is soft material and thus has lower coercivity. When the more fcc
Co(111) exists in the film, the coercivity of the films should be lower. These
are consistent with the trend of coercivity with the Ti underlayer thickness.
For fabrication temperature of Ti underlayer, we changed it from 200°C
to 300°C. The results show no obvious difference and we’ll not further discuss
it here. For convenience, we decided to use the same deposition temperature
as CoCrPtB layer, which will be decided later. Telling the results in advance,
this temperature is 250°C. Thus the sputtering parameters for Ti underlayer
are all determined. All samples in following sections will have a 40nm
Ti underlayer sputtered under 3mTorr Ar pressure on a 250°C glass
substrate.
4.3 Effect of CoCrPtBMagnetic Layer Thick-
ness and Deposition Temperature on Film
Properties
In this section we’ll discuss the effects of deposition condition on the prop-
erties of CoCrPtB layer. As the main recording layer, CoCrPtB magnetic
layer is the key to our experiment.
A good magnetic layer should show good magnetic properties and have a
good (002) preferred orientation. In this section we discuss only the magnetic
properties whereas the film structure will be discussed in next section.
In previous discussions, coercivity was used to judge the magnetic proper-
ties of films. However, a film with only high coercivity is not enough. Square-
ness of the hysteresis loop must be considered too, since higher squareness
will reduce the DC noise of media. This requires the hysteresis loop have
a high Mr/Ms and a sharp slope around HC point. Here we use parameter
Mr/Ms together with HC to characterize the magnetic properties of the film.
Let us see the temperature effect on CoCrPtB magnetic properties first.
Figure 4.2 shows dependence of the coercivity and Mr/Ms on substrate tem-
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perature. The CoCrPtB layer thickness is fixed at 40nm.
Figure 4.2: Relation between coercivity and deposition tempera-
ture of CoCrPtB layer
We tried five different deposition temperatures from 150°C to 350°C. It
shows that the coercivity increases with the temperature from 150°C to 300°C
then decreases with further increase of temperature. However the Mr/Ms
fluctuates with temperature and shows no trend with the temperature. For
the later bilayer CoTb/CoCrPtB investigation, 250°C is a good choice as a
compromise between both the parameters. This would also makes the whole
work simple as the Ti underlayer is also deposited at this temperature.
Now it is time to see the relation between CoCrPtB layer thickness
and film magnetic properties. Figure 4.3 shows relation between coerciv-
ity, Mr/Ms and CoCrPtB thickness. The deposition temperature is fixed at
250°C.
The coercivity increases with the thickness. The squareness Mr/Ms in-
creases with thickness increase from 20 to 40nm and then slightly decreases.
At thinner films(20nm), the low coercivity and small squareness may be
caused by relatively large contribution of the initial layer at interface be-
tween Ti and CoCrPtB due to the inter diffusion of layers.
From above experimental results and discussion, the optimal experimental
condition for CoCrPtB deposition can be listed in table 4.4
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Figure 4.3: Relation between coercivity and thickness of CoCrPtB
layer
Table 4.4: Parameters for Ti underlayer, CoCrPtB magnetic layer
and Ti coverlayer
Material Thickness (nm) Deposition T(°C)
Ti coverlayer 4 RT
CoCrPtB magnetic layer 40 250
Ti underlayer 40 250
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4.4 Section Conclusion
In this section, the experimental conditions and parameters, such as sput-
tering pressure, deposition temperature and thickness of Ti underlayer, de-
position temperature and thickness of CoCrPtB magnetic layer, were varied
to investigate their effects on crystallographic structure and magnetic prop-
erties of the CoCrPtB film. The coercivity increases with the increase of
deposition temperature from 150°C to 300°C and slightly decreases with fur-
ther increase of the temperature. Mr/Ms shows no trend. The coercivity of
the CoCrPtB layer increases with the thickness of CoCrPtB layer. However,
Mr/Ms reaches the maximum when the CoCrPtB is 40nm. The optimized
deposition conditions for CoCrPtB layer with good properties were decided





In this chapter, the focus is the effect of CoTb layer on thermal stability of
magnetically coupled media, which is one of the most important objectives
in my work. The layer composition and thickness of CoTb stabilizing layer
were investigated.
As stated in previous chapters, my samples are organized in three series.
As each series is designed on the basis of the results of previous series, there
will be a discussion right after the experiment results.
5.1 Series 1 - Effect of Co% (in CoTb) on
Magnetic Properties and Thermal Stabil-
ity
The first series of samples have Co content varying from 0% to 100% with
data point at every 20% and the thickness of CoTb is fixed at 6nm. These
samples are used to get a rough impression on how the CoTb layer affects
the magnetic properties of the whole film.
The underlayer and magnetic layer are sputtered at temperature of 250°C
as described before. However the CoTb layer must be sputtered under room
temperature to get amorphous structure, so a cooling process is needed.
Figure 5.1 shows the relation between the coercivity and Co content in
CoTb.
The coercivity is near 2000Oe with Co% ranging from 0% to 60%. As Co
deposited at RT usually has low magnetic anisotropy, the coercivity begins to
reduce gradually from 60% because there are excess Co in the alloy. However,
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Figure 5.1: Relation between coercivity and Co content of 6nm
CoTb series
Figure 5.2: Relation between thermal stability factor and Co con-
tent of 6nm CoTb series
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there is a peak near 80% Co for Mr/Ms. This indicates that there may exist
strong exchange coupling effect at this Co content. So this is the point of
interest which should be further investigated.
Figure 5.2 shows the thermal stability versus Co content in CoTb alloy.
Firstly we can see that SF value is about the same level compared with
samples without the stabilizing layer. This probably means either the Co
content is not appropriate or the thickness of the stabilizing layer is not
enough compared with the magnetic layer. Secondly the SF value is increas-
ing at points of 60% Co or higher. This means there exists coupling effect
between the two layers. This effect increases the effective volume of magnetic
grains and contributes to the thermal stability.
The crystalline structure of the sample is investigated by XRD as shown
in Figure 5.3. It is shown that the sample with only CoTb sputtered on a
blank substrate, the spectrum shows neither Co peak nor Tb peak. This
indicates the CoTb alloy is amorphous.






























Figure 5.3: XRD Spectra of CoTb and CoTb/CoCrPtB films
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In samples with CoTb sputtered on CoCrPtB, we care about two things.
One is the structure of CoTb and the other is the structure of CoCrPtB.
By comparing samples of only CoCrPtB with samples of both CoCrPtB
and CoTb, we can see the CoCrPtB magnetic layer remains (002) preferred
orientation and the CoTb is still amorphous. Some stacking faults of fcc Co
with hcp Co may be formed.
5.2 Series 2 - Effect of CoTb Thickness on
Magnetic Properties and Thermal Stabil-
ity
Figure 5.4: Relation between coercivity and CoTb layer thickness
of 80% Co content series
The second series of samples have a fixed Co content at 80%, the point
of interest. Thickness of the CoTb stabilizing layer may affect the exchange
coupling between the magnetic layer and the stabilizing layer. So in the
second series, the thickness of the CoTb stabilizing layer is varied from 3nm
to 20nm to see how the film properties change.
Figure 5.4 shows the relation between the coercivity of CoTb/CoCrPtB
film and the thickness of CoTb.
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The coercivity increases quickly from 6nm to 15nm and reaches the peak
at 15nm. From 15nm, the coercivity decreases. This shows that the coupling
effect is sensitive to the thickness of CoTb layer. Hence a CoTb layer with a
proper thickness is most favorable. At this thickness, all of CoTb are coupled
with CoCrPtB layer and there is no excess CoTb, which effectively increases
the coercivity. (Excess CoTb cannot be coupled by CCPB, thus could make
negative effect to magnetic properties.)
Figure 5.5: Relation between thermal stability factor and CoTb
layer thickness of %80 Co content series
Figure 5.5 shows the relation between SF value and CoTb thickness.
The SF value increases dramatically with a peak at 15nm. This trend
is consistent with the coercivity trend. We note that the SF value is very
high compared with precedent samples. This is important as the goal of this
research is to enhance the thermal stability of recording media. As both
coercivity and SF value indicate that the 15nm point is the best thickness,
further experiments will use this parameter for CoTb.
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5.3 Series 3 - Effect of Fine Tuned Co% (in
CoTb) on Magnetic Properties and Ther-
mal Stability
the Co content in CoTb layer is changed again in the third series of samples.
The differences between this series and the first series are: this series will have
Co content varied in a small range around 80% instead of in a large range;
this series will have a fixed CoTb thickness at 15nm instead of 6nm. The
Co% is changed with especially small increment, that is, 1% or 2% between
two consecutive data points. At first it seems not necessary to have such
detailed data, but the results show the necessity.
Figure 5.6 shows the relation between coercivity and CoTb content at
above conditions.
Figure 5.6: Relation between coercivity and Co content of 15nm
CoTb series
First, the coercivity has a quite sharp peak in this small Co% range.
Coercivity is sensitive with the Co content. Even one percent variation in
Co content will change the coercivity a lot. Another phenomenon worth
noting is the Mr/Ms value. It increase gradually and has a sharp transition
at 77%. This indicates the magnetic reversal procedure has some change.
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We’ll discuss this in detail in next chapter.
Figure 5.7 shows the relation between SF value and CoTb content.
Figure 5.7: Relation between SF value and CoTb content of 15nm
CoTb series
This figure is interesting. First we can see the SF values are all over 100.
Comparing this with the samples without a stabilizing layer, which has a SF
value of 64, these SF values are much higher. This is just we expected in
this experiment. From the results, both coercivity and SF value are much
higher. This proves that the CoTb layer is actually coupled with the
CoCrPtB layer and enhances the thermal stability and coercivity
of CoCrPtB layer.
The second thing is the SF value change in a ”zigzag” way. At some data
point, the SF value is as high as 160. There is no certain explanation for
this now. But by observing the figure, we can see the lowest three point all
have the SF value of 105. This probably indicates that there is a certain part
of CoTb which is fixed. This part is stable and could be seen in hysteresis
loops.
By the way, an error analysis is done to determine whether the ”zigzag”
is caused by testing errors. By testing samples of the same structure several
times, we found the SF value variation is within 1. This shows the SF value
testing is quite accurate, and no analytical errors can be attributed.
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Figure 5.8 shows the relation between moment value and CoTb thickness.
Figure 5.8: Relation between saturated moment and Co content of
15nm CoTb series
The saturate moment is tested. However, due to the different cut size of
samples, the results have a large error range. We can only see the general
trend. The moment increases as Co content increases. This is easy to un-
derstand because of the high content Co. The moment has a transition near
77%, which will be investigated in next chapter.
5.4 Section Conclusion
In this section, the effect of the composition and thickness of CoTb stabilizing
layer were investigated. The coercivity and thermal stability factor increase
with the thickness of CoTb layer. The coercivity reaches the maximum
(around 2800Oe) when the Co content in CoTb is 82%. The maximum of
SF is around 160, which is much higher than that without CoTb stabilizing
layer (64). This indicates the introduction of stabilizing layer is effective to







In this section, other important results are described, namely the hysteresis
loop with a unusual shape, which indicates a strong exchange coupling effect.
It is also worth noting that the experiment results on this are more influenced
by small changes of conditions, which is also considered in the discussion. In
this section some typical samples’ loops are shown in detail. It helps to give
some explanations.
6.1 Magnetic Reversal Process
First let us see a typical hysteresis loop.
Figure 6.1 is the loop of CoCrPtB without a stabilizing layer.
This loop is simple. Without any additional test, the loop shows a smooth
magnetization reversal process. The loop started from a saturated point and
end at a saturated point, with the magnetization changed gradually by the
applied field. This is the loop of magnetic layer without a stabilizing layer.
However, when the stabilizing layer exists, the magnetic switching process
will be affected and thus the loop shape, coercivity, etc. can be changed.
Now let us see samples with different Co content in CoTb layer. Figure
6.2 shows the hysteresis loop of the sample with a 15nm Co78Tb22 stabilizing
layer.
This hysteresis loop shows something different from CoCrPtB loop with-
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Figure 6.1: Typical hysteresis loop of CoCrPtB without stabilizing
layer
Figure 6.2: Hysteresis loop of CoCrPtB with 15nm Co78Tb22 stabi-
lizing layer
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out CoTb layer. To understand the loop requires more investigation. How-
ever, as a possible explanation, let me consider tentatively as follow. The
magnetization changed in two steps. That is, when external field changed
from one saturate point to another, one part of the film (CoTb) reversed first
and the other part (CoCrPtB) reversed later. With the tested minor loops
in the figure, we can clearly see the process. The CoTb part fully reversed
when the external field passed 5000Oe point and the CoCrPtB part reversed
gradually between -5000Oe and 5000Oe. This indicates there is exchange
coupling effect between the two layer. The strength of this effect can be
affected by the Co content in CoTb layer.
Figure 6.3 is the loop of the sample with a 15nm Co77Tb23 stabilizing
layer.
Figure 6.3: Hysteresis loop of CoCrPtB with 15nm Co77Tb23 stabi-
lizing layer
The loop is very unusual as it has a three-step-transition structure. This
structure clearly illustrates why the samples have high thermal stability fac-
tors. There is a separate magnetization component which forms a minor
loop. The minor loop is formed by CoTb, and has its own saturate magne-
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tization MCoTb and coercivity HCoTb, but it is exchanged coupled with the
CoCrPtB magnetic layer and cannot switch freely. This part also depends
on the CoCrPtB layer and does not show magnetic properties when it is in
stand alone state(amorphous). Now let us see what happens when we test
the sample.
Figure 6.4 illustrates the magnetization reversal process of the Co77Tb23
sample.
Figure 6.4: Illustration on magnetization reversal process of
Co77Tb23 sample (Note: the actual magnetization direction is per-
pendicular to the film. Here all arrows are drawn horizontally as
it is easy to compare the length of the arrows)
In this figure, the grey part is the CoTb stabilizing layer and the white
part is the CoCrPtB magnetic layer. When we use AGFM to get the hystere-
sis loop, we apply different field to the sample. First, we use a large enough
field (20000 Oe) to saturate the sample. Now both magnetic layer and sta-
bilizing layer are dragged to the same direction. However, the two layers are
anti-ferromagnetically coupled and they tend to point to different direction.
This can be considered as that there exists an effective field called exchange
field, Hex. When the CoCrPtB layer is positively magnetized, there is an
effective negative Hex applied to the CoTb layer. So when we decrease the
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field to (Hex −HCoTb), the CoTb layer magnetization switches. Then as the
applied field further decreases, the two layers will reverse at the same time,
as if they are stuck together. When the applied field becomes negative and
begins to increase in absolute value, the CoCrPtB layer turns to the negative
direction. Finally when the field reaches −(Hex +HCoTb), the two layers are
dragged to negative direction again. In the whole process, the CoTb layer
reverses 3 times, so it is called three-step-transition.
Figure 6.5: Hysteresis loop of CoCrPtB with 15nm Co76Tb24 stabi-
lizing layer
Figure 6.5 is sample with a 15nm Co76Tb24 stabilizing layer.
In this figure, we can also see the separate part of CoTb, as the mag-
netization changes sharply when this part reverses. However, the exchange
field is not the same. The Co76Tb24 has a smaller Hex. Thus the magnetic
reversal returns to the two step process. Only by testing the minor loop (as
shown on the top right of the figure), we can see the separate part of CoTb.
This indicates that the exchange coupling constants are not the same in these
samples and it is tightly related to Co content in CoTb layer.
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6.2 Issues on Metamagnetism
For the minor loops described in previous section, one possible explanation
concerns metamagnetism. Metamagnetism is a phenomenon that the mag-
netic properties of materials change under variation of external condition
(such as temperature, applied field, etc.).
By metamagnetism, a minor loop like the ones mentioned in Figure 6.3
or Figure 6.5 can generally be explained as follows. As the applied field
gradually increases and reached a critical value, CoTb turns from antiferro-
magnetic to ferromagnetic. Hence, a jump-up emerges at the loop. When
the field gradually decreases from the peak value and reaches another criti-
cal value (which is lower than the previous critical value), CoTb turns from
ferromagnetic back to antiferromagnetic, and a jump-down then emerges at
the loop. A minor loop thus forms.
However, interpretation of minor loop by metamagnetism in my case en-
counters difficulties as stated below.
Figure 6.6: Hysteresis loop of CoCrPtB with 15nm Co76Tb24 sta-
bilizing layer(with explanation), the inset shows the formation of
the minor loop
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1. Usually metamagnetism is observed under the condition of high field
(greater than 20kOe) or low temperature (less than 100K)[37][38]. In fact,
many experiments concerning metamagnetism with Tb were conducted at
temperature as low as the values less than 10K[39][40]. Contrarily, the ex-
periments I made are all at room temperature, and under field less than
20kOe.
2. In analyzing the last figure in previous section, the intersection part of
the loop is very difficult to explain by metamagnetism(see Figure 6.6 below).
However, it can fairly be explained by three-step-transition as stated in pre-
vious section. It should be noted from the figure that the upper-right minor
loop is formed by controlling field to vary within the range from 5kOe to
20kOe (see inset of Figure 6.6). The intersection part of the lower-left loop,
however, is just formed naturally, that is, decreasing the applied field to neg-
ative maximum and then increasing the applied field. The bolded curve of
the lower-left loop shows that the magnetization strength decreases to close
to saturated magnetization before the field reaches the critical point. It is
hard to explain this by metamagnetism. However, it can be explained in the
same way by three-step-transition as I did on Figure 6.3 in previous section.
Figure 6.7: Hysteresis loop of 15nm Co84Tb16 layer
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3. In all of the single CoTb samples we obtained, no metamagnetism is
displayed. Figure 6.7 shows the hysteresis loop resulted from CoTb sample
which is prepared by mixing Co at 84 and Tb at 16 in composition(Co5Tb).
In the figure no metamagnetism is seen when the magnetic field is increased.
Although it may be due to that the maximum field applied is still insufficient
in the experiment time, coercivity and Ms of the loop are all close to those
of the minor loop shown in previous figures. Therefore, I tend to hold that
magnetization has reached the maximum for this loop. This could be a
support to the three-step-transition model.
In summary, I think that the minor loop shown here in the thesis is not
caused by metamagnetism.
6.3 Exchange Coupling Constant
If m is magnetic moment, M is magnetization, t is the thickness of the layer,
S is the area of the cut sample. The exchange constant J can be calculated
by:
J =Mt ·Hex = m ·Hex
S
(6.1)
Thus we can calculate the exchange constant from the hysteresis loop.
As shown in figure 6.8, we can estimate the exchange field to be 12.2kOe, m
to be 1.5 × 10−5emu and the cut sample 4mm by 4mm, yielding S 16mm2.
The calculated J is about 1.2 erg/cm2. This is a very large value compared
with traditional LAC media. The high exchange field is the direct reason
for such a large J. A proper component fraction in the CoTb alloy must be
used to get this high exchange field. This phenomenon implies that there is
a relation between exchange coupling strength and Co% in CoTb alloy. This
relation is very sensitive to Co content variation, which means that excess
Co or Tb is not favorable.
However, it is not easy to determine whether the exchange coupling is
a ferromagnetic coupling or anti-ferromagnetic coupling. To determine the
exchange coupling type, we must know which part is actually coupled with
CoCrPtB. However, the possibility exists for either the Co part or the Tb
part. If the Co part is coupled, then the coupling type is ferromagnetic
coupling. If the Tb part is coupled, the coupling type is anti-ferromagnetic
coupling.
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Figure 6.8: Illustration on calculation of exchange coupling con-
stant on hysteresis loops
6.4 Remanence Curve
Now the DCD curve of Co77Tb23 sample is studied. On figure 6.9, we can
see one magnetization remanence curve.
This curve shows the remnant M at different demagnetization field. The
sharp transition here indicates the irreversible magnetization switch. By
comparing this figure with previous figure, it is interesting to find that the
irreversible magnetization switch happens just near the point where all the
CoCrPtB component reverses. This shows the stabilizing effect of the CoTb
layer. If there is no CoTb layer, the CoCrPtB would reverse gradually and
irreversibly. But with the CoTb stabilizing layer, it would hardly get irre-
versibly switched. Only after the transition point, almost all CoCrPtB switch
to another direction. This effectively increases the SF value and is favorable
to magnetic recording.
63
Figure 6.9: Remanence curve of Co77Tb23 showing irreversible mag-
netization switch
6.5 Section Conclusion
In this section magnetic reversal process of samples with different Co content
in CoTb layer was discussed. It was found that the exchange coupling effect
is related to Co content. The exchange coupling constant was calculated.
Compared with traditional media, a very large exchange coupling constant
(1.2erg/cm2) was obtained. By studying the DCD remanence curve, the
reversal process was further discussed, which showed the CoCrPtB magne-
tization switching mode is different when there is a CoTb stabilizing layer.




Conclusions and Future Work
A systematic study on bi-layer film structure of CoCrPtB/CoTb magnetically
coupled media is done. Enhancement of thermal stability of the magnetic
recording media has been achieved.
In the first part, the growth condition for CoCrPtB magnetic recording
media has been optimized. When 40nm Ti underlayer and 40nm CoCrPtB
magnetic layer are both sputtered under 250°C, the grown film has the best
properties. At this condition, the Co (002) has the best crystalline orientation
and shows a perpendicular anisotropy.
In the second part, the effect of CoTb stabilizing layer has been tested.
Three series of samples are tested, and samples with great thermal stability
enhancement and strong exchange coupling are discovered. When the CoTb
layer has a thickness of 15nm and a Co content between 75% - 82%, the films
have SF factors over 150 and exchange coupling constant around 1.2 erg/cm2.
A sample with distinguish hysteresis loop of three-step magnetization reversal
is obtained.
Two main progresses are obtained. Firstly, improvement of thermal sta-
bility for current magnetic recording media is achieved. The enhancement of
thermal stability is very obvious, as traditional CoCrPtB media only have a
SF factor around 65 and the magnetically coupled media have a SF factor up
to 150. Secondly, samples with strong exchange coupling effect are obtained.
In samples with multi step magnetization reversal, the exchange coupling
constant can reach 1.2 erg/cm2.
The magnetically coupled media are promising as it has very high thermal
stability factor. However, it is still a prototype and should be improved.
There are several possible enhancements that can be done to improve the
practicability of this media.
Firstly, the thickness of the magnetic layer and the stabilizing layer could
be further reduced. To meet the requirements for higher areal density record-
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ing media, a small remanence-thickness product(Mrt) is normally favorable.
Under better fabrication conditions, it is possible to make films with thinner
layers and good structure.
Secondly, the stabilizing layer could be placed under the magnetic layer.
The advantage gained is the reduced head-media spacing. This is also a very
important parameter for recording media. This requires more experiments,
as the change of layer structure will cause growth problem. How to keep a
well grown magnetic layer will be the key.
Finally, a soft magnetic underlayer should be implemented. This will
utilize the advantage of the perpendicular recording.
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